The avian eye lens protein δ-crystallin shows a novel packing arrangement of tetramers in a supramolecular helix  by Simpson, Alan et al.
The avian eye lens protein 6-crystallin shows a novel
packing arrangement of tetramers in a
supramolecular helix
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Background: Little is known of the intermolecular
organization of crystallins in the protein-packed eye lens.
The tetrameric structure of the 200 000 Da avian -crys-
tallin, which is closely related to the enzyme argininosuc-
cinate lyase and is characteristic of the accommodating,
soft lens of birds, has recently been solved at atomic reso-
lution at acidic pH. To help understand how -crystallin
remains soluble at the very high concentrations found in
the avian lens we have now crystallized turkey b-crystallin
at around neutral pH and examined its intennrmolecular
interactions.
Results: Turkey -crystallin has been crystallized around
neutral pH. The X-ray structure has been solved at 4.5 A
resolution in space group C2 with three and a half
tetramers in the asymmetric unit. The symmetrical 222
tetramers have a novel packing arrangement consisting of
continuous helices, with 732 non-crystallographic sym-
metry, in an approximately hexagonal close-packed array.
The internal 222 symmetry of the tetramers allows differ-
ent polymeric chains to be constructed, based on the
tetramer-tetramer association observed in the crystalline
helix. It is possible to build a model of a tubule of diam-
eter 212 A that is very similar to observed tubules of
bovine argininosuccinate lyase.
Conclusions: Elements of helical organization may
occur in the concentrated solution of the avian eye lens
where -crystallin is the prominent protein. The sym-
metry of the tetramer provides a choice in the direction
of growth of a helix at each link so that highly hydrated
irregular polymers may be formed rather than large com-
pact regular structures that would not be compatible with
a transparent lens.
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Introduction
The protein b-crystallin is present in the eye lens of most
birds and some reptiles, where it is one of the major solu-
ble components of the lens, along with the a- and
13-crystallins [1,2]. High concentrations of crystallins are
required to refract light but the lenses of species such as
man and birds also need to change shape and accommo-
date, so that they have a more liquid-like lens rather than
the hard glass-like centres of many vertebrate lenses [3].
Lens transparency and refraction can be achieved
provided that the crystallins are sufficiently concentrated
and evenly distributed at distances comparable to the
wavelength of light [4,51. Aggregation of the protein and
phase separation lead to light scattering, and result in a
condition known as cataract [6-8].
It is more of a problem to keep a concentrated protein
solution transparent over a lifetime than a densely-packed
protein glass as there is more scope for fluctuations in the
refractive index in the former. It is presumably for this
reason that the human lens has a low content of y-crys-
tallins [9], (proteins that readily phase separate [10] and are
closely packed [11]), and why in the birds lens most of the
,y-crystallins have been replaced with the 'hijacked'
enzyme, argininosuccinate lyase (ASL) [12]. A recent
gene duplication of the ASL gene has resulted in high lev-
els of expression in the lens of an inactive form of ASL,
81 crystallin. In lenses from day-old turkeys, a-, 3- and
8-crystallins represent 21%, 16% and 63%, respectively, of
dry-weight protein. It is interesting to consider the mole-
cular features of this recently acquired enzyme that make
it suitable as a structural protein in hydrated eye lenses.
The three-dimensional X-ray structure of turkey o1 crys-
tallin has recently been determined and shown to consist
of a tetramer of 50 kDa subunits, with 222 symmetry [13].
Each subunit is composed of three domains, including one
that is a bundle of five ao-helices of around 25 residues
each. These bundles associate about the 222 symmetry
axes to produce a 20-helix bundle at the core of the struc-
ture surrounded by the other eight domains (Fig. 1). The
tetramer approximates in shape to a regular tetrahedron of
100 A edge. This protein structure is extremely water sol-
uble as demonstrated by the fact that crystallization can be
carried out close to its isoelectric point (-pH 5) and
requires high protein concentration (7-8% w/v) and mod-
erate amounts of precipitating agent (-10% w/v PEG
600()). Obviously, liquid-like lenses need soluble proteins.
The question arises as to what sorts of intermolecular
interactions occur at the high protein concentrations pre-
sent in the lens which has an overall protein concentration
of-20% (w/v). One experimental route to an answer is to
study intermolecular interactions of 8-crystallin tetramers
in a crystal lattice at a more physiological pH, with as
many molecules as possible in the asymmetric unit to min-
imize the packing constraints of the crystallographic axes.
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Fig. 1. One tetramer of -crystallin drawn using MOLSCRIPT
[311]. The four subunits are labelled A, B, C and D. Domains 1
and 3 of each subunit are shown protruding from the compact
central assembly of the 20-helix bundle. The, view is down the
internal two-fold axis which relates subunits across the tightly
bound dimer interface (axis 1). Subunits A and B form one such
pair. Axis 2 relates subunits A and C and axis 3 relates subunits
A and D. The tetramer approximates in shape to a regular
tetrahedron of edge -100 A.
Knowledge of intermolecular interactions that could
lead to the formation of large oligomers is important as
soluble structural crystallin proteins must not be allowed
to form large aggregates that would scatter light.
According to Chasle's theorem, the transformation relat-
ing any two monomers in an oligomeric assembly can
be described by a rotation about a single axis and a trans-
lation parallel to the same axis. Soluble protein
oligomers such as enzymes, chaperonins and DNA-
binding proteins correspond to a special case where the
monomers are all related by transformations consisting
only of a rotational component, as such an arrangement
allows the formation of closed structures where all the
potential binding sites are occupied. In such cases, the
assembly has point-group symmetry, with a monomer in
the asymmetric unit. By contrast, non-soluble structural
proteins often associate with adjacent monomers related
by screw axes and lead to a iead-to-tail arrangement of
helical aggregates. These open structures, having unoc-
cupied binding sites at the ends of the helix, have a
propensity for extensive aggregation. In structural pro-
teins such as actin, there are specific external controls to
monitor oligomer assembly [14]. When soluble proteins
undergo helical aggregation the effect is often pathologi-
cal, such as in the aggregation of haemoglobin in
sickle-cell anaemia [15].
Many soluble oligomers have been crystallized, among
them the chaperonin, GroEL, in which the soluble
oligomer has 72-point-group symmetry and where one
two-fold axis becomes crystallographic [16]. In contrast,
it is very rare for helical aggregates to crystallize as they
Fig. 2. Self-rotation function. (a) The K=180 ° section is shown of
the rotation function produced by POLARRFN [32]. The crystallo-
graphic two-fold (peak height=100) is at w=90, *=90 °. The
non-crystallographic peaks on this section derive from the inter-
nal symmetry of the tetramers in the asymmetric unit and the rela-
tionships between them. The peak at w=70°, 4=0o° is a section
through the saddle between peaks at K=150 ° and K=200 °. (b) The
K=50 0 section of the self-rotation function showing the presence
of very strong seven-fold rotational symmetry in the crystal.
generally do not contain a short translational repeat with
an integral number of turns [17] which is required for
crystallization. In the crystal structure of Z-DNA [18] for
example, a hexamer crystallizes in space group P21 2121 ,
with one hexamer in the asymmetric unit in which the
12 base pairs per turn form infinite helices with
non-crystallographic 127 symmetry, and one base pair in
the local asymmetric unit. We now describe an unusual
crystal lattice structure of b-crystallin in which three and
a half tetramers occur in the asymmetric unit and exhibit
long-range interactions in the form of a crystalline helix
with 732 symmetry. We show how the symmetrical
o-crystallin oligomer may form various higher order
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helical aggregates and discuss the modes of association group C2 with unit cell dimensions a=263.80 A,
likely to occur in the lens. b=152.22 A, c=204.59 A, =100.760 . The-positions of
the tetramers in the unit cell have been determined by
molecular replacement (Fig. 2). There are three and a
Results half tetramers in the asymmetric unit. The tetramers are
Lattice structure of 8-crystallin organized as parallel helices which are perpendicular to
The structure of 8-crystallin determined previously was the crystallographic b axis of the monoclinic unit cell
obtained from a crystal form grown at pH 4.7 in (Fig. 3a). These helices have a one-dimensional repeat of
0.1 M calcium acetate [13]. Here we describe a differ- 530 A and belong to a border group with symmetry 732.
ent crystal form obtained at pH 8 in 0.05 M Tris-HC1 Half of the unit cell of the helix is one crystallographic
buffer. The crystals grow as elongated needles in space asymmetric unit. The unit cell of the helix contains two
Fig. 3. The crystalline helix of 8-crystallin. (a) A section of the 73 helix is shown with alternative unit cells. One turn of the helix is
shown corresponding to the one-dimensional repeat of 530 A. Adjacent tetramers are related by a screw axis with a clockwise rotation
of 2/7 of a turn and a translation of around 76 A. The conventional unit cell is shown in red viewed down the b axis with the c direc-
tion horizontal. An alternative unit cell is shown in green where a2=a, b2=b, c2=2a+c, 13=22 °. In this unit cell the c2 axis is the 73 axis
of the crystal. (b) A set of helices viewed parallel to the 73 axis showing approximate hexagonal close packing. (c) The diffraction pat-
tern obtained with the X-ray beam parallel to the non-crystallographic 73 axis. This figure illustrates the co-existence of a local 73 screw
axis in the crystal (which gives rise to the 14-fold symmetry in the thermal diffuse scattering at low resolution) with the C2 space group
symmetry of the crystal lattice.
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sets of seven non-equivalent two-fold axes all of which
are perpendicular to the seven-fold screw axis. Each
helix approximates in shape to a cylinder with a width of
one tetramer and these cylinders pack into the crystal
with approximate hexagonal close packing (Fig. 3b). A
diffraction pattern obtained from a crystal oriented with
the X-ray beam parallel to the helical axis shows
14-fold symmetry in the diffuse scattering pattern at
low resolution (Fig. 3c).
The tetramers are related not only by the 73 screw axis,
but also by inter-tetramer two-folds which lie perpen-
dicular to the screw axis. One of the internal two-folds
of the tetramers, which have 222 symmetry (axis 1,
Fig. 1), also lies perpendicular to the helix axis, so that
the helix contains two sets of non-equivalent crystallo-
graphic two-folds. One of the set of seven axes relates
different tetramers to each other and the second set of
axes relates dimers within the tetramers to each other.
One member of each set of seven is a crystallographic
two-fold axis. It is possible to describe the lattice using
an alternative space group, C2, in which a very elon-
gated unit cell can be chosen wherein the helices run
parallel to an edge of the cell that is the preferred
direction of growth of the crystal (Fig. 3a).
The transformations that relate the tetramers in the helix
to each other show that the packing is very close to a
perfect 732 helix (Table 1). This indicates that the inter-
actions within the helix are relatively rigid and that the
inter-helix packing forces in the crystal, which obey C2
symmetry, are of insufficient strength to cause large
distortions. It is not necessary, however, for the binding
between adjacent tetramers in the helix to be very strong
as they are supported by the lattice.
Fig. 4. The building block of 8-crystallin supramolecular structure
comprises two tetramers related by a two-fold dyad. The
octomer, comprising 176 helices, is drawn using MOLSCRIPT
[31], in which the helices are shown in purple, the connecting
loops and coil in white and the 3-sheet in red. The view is down
the two-fold axis and shows the N-terminal coil region close to
the inter-tetramer dyad.
The inter-tetramer interface and N-terminal arms
Tetramers that are adjacent in the helix, and related by a
local two-fold axis, make only limited contacts with
each other, their interface being broken by solvent
channels (Fig. 4). In an isolated octomer, an area of
-920 A2 per tetramer is buried within the interface,
which represents 1.6% of the total surface area of a
tetramer. By comparison, the area buried by the
dimer-dimer interaction is around 6705 A2 per dimer
Table 1. Transformations relating tetramers in the helix.
Transformation Rotating Screw Direction Point on axis
about translation cosines (orthogonal A)
axis (°) (A) of axisa
From tetramer 1 -102.9 76.0 0.9257 0.33
to tetramer 2 0.0013 -0.56
using the 73 axis 0.3782 0.82
From tetramer 1 180.0 0.65 0.3666 175.1
to tetramer 2 using 0.2221 -2.3
a two-fold axis -0.9035 70.5
From tetramer 2 -101.2 75.7 0.9273 -0.69
to tetramer 3 0.0053 -1.62
using the 73 axis 0.3743 1.73
From tetramer 3 -104.5 75.4 0.9269 -0.13
to tetramer 4 -0.0026 -0.65
using the 73 axis 0.3754 -0.33
In this table the tetramers are labelled 1-4 in the order they are found
along the helical axis. The intra-tetramer two-fold axes make angles
of -90° (axis 1), 43° (axis 2) and 137 ° (axis 3) with the 73 screw
axis. Because of the seven-fold symmetry, adjacent intramolecular and
intermolecular two-fold axes make an angle of -360/7 ° with each other.
Angles between axes were determined using the program BESTFIT
(H Driessen and DS Moss, unpublished program). aCoordinates were
orthogonalized according to the Brookhaven convention.
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which represents 18.7% of the dimer surface. The main
residues involved in this contact region are Glyl5A,
Ser84A, Thr400C, Pro418C, Glu36D, Glu72D, Ser75D,
Gln138D (where A, C and D refer to the monomers of
the tetramer); and as these do not form strongly
hydrophobic contacts or salt bridges, it is not clear why
the tetramers interact in this way. There are several his-
tidines in the vicinity, such as His396A, Hisl35D,
His396D, and in the unrefined 4.5 A coordinates the
side-chain nitrogen atoms of histidines Hisl35D and
His396A are 5 A apart, which explains why this packing
does not occur at pH 4.7 when the nitrogens would be
protonated. It is possible, however, that the N-terminal
arms play a role in this tetramer-tetramer interaction.
Residue 15 is the first defined amino acid in the 2.5 A
molecular replacement search model that was used to
solve this structure. In the new 4.5 A structure, no fur-
ther evidence for additional arm residues in fixed posi-
tions was found. One N-terminal arm, from each
dimeric repeating unit of the helix, is positioned very
close to the inter-tetramer two-fold axis (Fig. 4), so that
it is possible that the remaining 13 residues (the protein
sequence numbering begins at residue 2) interact with
the symmetry-related tetramer. It will be necessary to
collect diffraction data to higher resolution or to carry
out NMR measurements in order to ascertain whether
or not the N-terminal arms are flexible.
Tubular organization of bovine argininosuccinate lyase
The ASL family is highly conserved, with chick 8-crys-
tallin and human ASL sharing 64.7% sequence identity
[19], suggesting that they have very similar three-dimen-
sional structures. Dales et al. [20] have shown that the
ASL enzyme from bovine liver can form needle-like
paracrystals on addition of ammonium sulphate at pH
7.5. These are not true crystals, but merely bundles of
aligned tubules which show some tendency to pack in a
regular way. Electron microscopy of the paracrystals [20]
showed that the tubules measured approximately 210 A
in diameter, with a hollow core of diameter 80 A. Dales
et al. calculated that a tube of this diameter would con-
tain approximately seven tetramers of the enzyme, and
optical diffraction analyses of the images of individual
tubules indicated that they were composed of a single
helix with a repeat distance of 50 A along the length of
the tube and 3.5 repeat units per turn, giving a screw
Fig. 5. Tetramers of 8-crystallin have four potential inter-tetramer binding sites. (a) A Ca diagram depicting five tetramers of 8-crystallin
in which the central tetramer is viewed down axis 1 with all four of its potential inter-tetramer binding sites occupied. The central
tetramer is related by a two-fold axis, as shown in Fig. 4, to tetramer E and this pair is depicted in heavier lines. This pair is used to gen-
erate the tetramers shown in lighter lines (labelled A, B and D) by operation of the three dyads of the central tetramer. Tetramer A is
related to tetramer E by rotating about axis 1 of the central tetramer. Tetramer B is related to tetramer E by rotation about axis 2 of the
central tetramer and tetramer D is related to tetramer E by axis 3, but results in a steric clash and so cannot take place. It is possible for
two of the allowed binding sites to be occupied simultaneously and these can be related by axes 1 or 2. (b) The five tetramers of 8-crys-
tallin are schematically represented by the circles A, B, C, D and E. The four black dots on each tetramer represent potential binding
sites that can form a two-fold contact as shown in Fig. 4. The 222 symmetry axes, defined in Fig. 1, are labelled in tetramer C which is
shown with all four potential inter-tetramer binding sites occupied as in (Fig. 5a). Note that tetramers related by axis 3 of tetramer C
clash (shown hatched). Linear polymers such as A-C-E or B-C-D are generated from axis 1 of tetramer C and repetitive use of this axis
results in the observed crystalline 73 helix. Polymers A-C-D or B-C-E are generated from axis 2 of tetramer C and this contact was used
to model the argininosuccinate lyase tubule in combination with axis 1 (see Fig. 6). Polymers such as A-C-B or D-C-E are not allowed.
(a) 
(b)
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translation per repeat unit of 14.3 A [21]. This indicates a
repeat unit of two tetramers of ASL.
Modelling tubules based on 8-crystallin helical interactions
The similarity of the repeating unit of 3.5 tetramers per
helical turn in the -crystallin crystalline helix and the
bovine ASL tubules, combined with their quite different
helical pitch, led us to consider more closely the implica-
tions of symmetry within the repeating unit of the helix.
Any tetramer, (i), in the 732 8-crystallin helix is related to
its neighbours (i+1 and i-1) by the helical transforma-
tion, but the 222 symmetry of the tetramers means that
i+1 and i-1 are also related by the internal axis 1 of
tetramer i. Each tetramer, however, has four possible
inter-tetramer binding sites which are related by 222
symmetry (Fig. 5a). A maximum of two binding sites can
be occupied. The binding sites related by axes 1 or 2 can
be occupied simultaneously, but the sites related by axis 3
cannot be occupied because of steric overlap, leading to a
choice of two configurations (Fig. 5b). This symmetry
allows the same inter-tetramer interaction to be used to
construct a number of higher order oligomers. The C2
lattice described above contains a helix where tetramers
i-i and i+1 are related by intra-tetramer axis 1, but it is
possible to construct other helices using either axis 2 or
various periodic combinations of axes 1 and 2. If they are
both used at random, a polymer chain that has no regular
structure is produced.
Several periodic helices can be modelled on the basis of
the observed oligomerization of 8-crystallin, but most of
these would be relatively unstable in solution without the
additional stabilization between helices. However, the
helix created by alternating axes 1 and 2 of the tetramer
gives a relatively solid tube with extensive interactions
between tetramer pairs at positions i and those at i+3 and
i+4 (Fig. 6). The tetramer pairs at positions i and i+1
would be related by a screw axis with a rotational com-
ponent of 98.50 and a translation of 19.5 A. This would
produce a helix with 3.65 repeat units per turn, with two
tetramers in the asymmetric unit and with a rise of 71 A
per turn. The discrepancy of 21 A between the rise per
turn observed in the actual ASL tubules as opposed to
that predicted by the 8-crystallin model may be due to a
distortion of the inter-tetramer dyad axis (relative to that
observed in the C2 crystal form) in order to allow closer
interactions with the tetramers at positions i+3 and i+4,
or to distortions in the electron micrograph images.
Approximate measurements give the diameter of the
model tubule to be 212 A and the internal hollow dia-
meter to be 92 A. These values are close to those
observed in the tubules of ASL.
Discussion
It is of crucial importance that the lens in the eye remains
transparent; therefore local aggregation must be pre-
vented. The lattice structure of -crystallin described
here provides an indication of how the protein might
interact under physiological conditions. The analysis
Fig. 6. A model for the formation of a tubule of bovine argini-
nosuccinate lyase. The tubule is viewed down the helical axis,
with tetramers i, i+1, i+2, i+3 and i+4 shown in blue, green, yel-
low, pink and red, respectively. The screw translation is towards
the viewer and the rotation is anticlockwise.
shows that -crystallin can associate into a 732 helix of
tetramers, the symmetry of which is the result of intra-
and inter-tetramer two-fold axes inclined at the appro-
priate angle to each other resulting in a screw axis per-
pendicular to both. Each local two-fold axis between
tetramers in the helix passes close to the N-terminal arms
so it is possible that two of the N-terminal arms from
each tetramer play a role in this assembly. This
tetramer-tetramer interaction results in a helix with
almost perfect 73 symmetry. As there are seven dimers in
the asymmetric unit of the crystal lattice, and 13 two-
folds that are not placed on crystallographic axes, this is
reasonable evidence that the organization is not domi-
nated by the crystal lattice. At high protein concentra-
tion, -crystallin might self-associate into chains, each
with the thickness of a single molecule and a length
determined by the strength of the intermolecular bind-
ing. Aggregates such as these might form in the lens
without any adverse effects provided they did not
become large enough to scatter light.
By making use of the symmetry of the tetramer, a
related helical structure has been proposed consistent
with earlier optical diffraction analysis of electron micro-
graphs of tubules of the related protein bovine ASL. If
o-crystallin were to form these structures in the lens, the
compact, self-stabilizing tubules would endanger trans-
parency. Tubules of o-crystallin have not been observed
under the conditions described for bovine ASL [20].
Tubule formation could be prevented by changes to
residues on the surface where tetramer pair i contacts
tetramer pairs i+3 and i+4. It would be interesting to
compare the sequences in the regions of
8-crystallization in the avian lens Simpson et al. 409
tetramer-tetramer contacts. However, direct comparison
is not possible as the bovine sequence is undetermined
and the chicken l1 crystallin sequence has been built
into the turkey X-ray structure.
In the crystal lattice structure of 8-crystallin and the pre-
dicted model of ASL tubules, the association of protein
oligomers with inherent symmetry generates multiple
identical binding surfaces. If there are three or more
binding sites that can be occupied simultaneously, the
growing polymer chain can branch. This will, in general,
result in the formation of an irregular structure. In the
case of the 8-crystallin tetramer, steric effects prevent
more than two sites being occupied simultaneously. Lin-
ear aggregates such as the crystalline helix can be formed
if the same choice of binding site is used at each link or,
if the choices are alternated, a tubule can be formed.
Having a choice of binding site at each link in the chain
will make the chain non-periodic, unless there are inter-
actions other than those exerted linearly along the chain,
that allow discrimination. To form a regular structure,
the incipient growing chain of molecules must reach a
certain critical size with the correct branching choices
made by chance, before interactions between newly
attaching molecules and those non-adjacent to it on the
chain can allow effective discrimination between the
binding choices that are open to it. It is possible that the
formation of irregular chains (Fig. 7) may be advanta-
geous in the soft avian lens, as the networks formed are
highly hydrated, and tend to prevent the formation of a
second, more densely packed, protein phase.
Periodic structures, such as crystals, are likely to lead to
domains of high protein density in the liquid-like lens
cytoplasm that would consequently scatter light. Here we
have shown how a single protein, present in molar excess
in the lens, might associate with itself in an irregular way,
and thus contribute to short-range order [5]. The lens is
a mixture of crystallins and, this will also impede crystal-
lization. The important question of how the different
kinds of crystallins interact remains. Previous NMR
observations have shown that ox-crystallin, a small heat
shock protein [22,23], interacts with the short flexible
C-terminal extension of y-crystallin [24]. In this paper,
we have suggested that the N-terminal arm of 8-crys-
tallin might be involved in self-association. It may be that
ot-crystallin interacts with the N-terminal arm of 8-crys-
tallin and so competes with -crystallin self-association.
The N-terminal arms of all ASL/8-crystallins have a con-
served region of sequence, Lys-Leu-Trp-Gly-Gly-Arg-
Phe, although in the enzymatically inactive 1 sequences,
the tryptophan residue is replaced by leucine or methio-
nine. It is possible that the N-terminal arm plays a role in
the active site, becoming ordered on substrate binding or
binding to other urea cycle proteins to assist localization
in the cell. There is some evidence that substrate chan-
nelling occurs between the enzymes of the urea cycle
[25]. In either case, the N-terminal arm may have an
inherent binding ability in ASL that has been put to an
alternative use in 8-crystallin.
Fig. 7. A hypothetical model of 8-crystallin interactions at high pro-
tein concentration resulting in formation of an irregular hydrated
linear polymer. The 39 tetramers of the linear polymer have been
linked by varying the use of axis 1 or 2 in a random way to gener-
ate the polymer. Starting with the bottom tetramer the combi-
nation used is: 1221221212221221121222112121221212212.
The weight of 8-crystallin and ca-crystallin in the lens is three times
that of cL-crystallin in one-day-old turkey lenses which means that
there is one a-crystallin polymer for 15 -crystallins, (molecular
weights are; 8-crystallin, 200 kDa; a-crystallin, 1000 kDa.)
The growth of helical assemblies with a defined handed-
ness for the models of 8-crystallin and ASL parallels the
formation of chirally homogeneous polymers from a
racemic mixture. It is analogous to the problem of
enantiomer choice in prebiotic evolution, where an
initially racemic mixture of molecules gives rise to poly-
mers containing only one enantiomer [26]. If one of the
enantiomeric forms of a given molecule is by chance
seeded to produce an incipient tubular helical assembly,
or a lattice of helices, then as the periodic structure passes
a certain critical size it would be able to selectively bind
the correct enantiomer, allowing the separation of the
different enantiomers into solution and solid phase.
Biological implications
Although soluble proteins have well defined ter-
tiary and quaternary structures that can be
visualized by X-ray crystallography, they also take
part in weaker solution interactions that are more
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difficult to define. In the eye lens, this property is
particularly important as only a few proteins are
present at high concentrations and form a
medium of high refractive index. The fundamen-
tal problem, however, is ensuring that these inter-
actions do not result in aggregates larger than the
wavelength of light and with a density greater
than the surrounding solvent as this would lead to
light scattering and result in cataract. Here we
describe the structure of a crystalline helix formed
from an assembly of 8-crystallin tetramers. This
continuous helix is derived from one of the dyads
of the tetramers, that has 222 symmetry, and is
organized so that it is perpendicular to the helical
axis. However, other polymers can be built from
equivalent interactions using various combinations
of two of the tetramer dyad axes. A tubular struc-
ture built in this way, by regularly alternating two
dyad axes, has dimensions very similar to those
observed in tubules of the closely related enzyme,
argininosuccinate lyase. These models show how a
flimsy helix or a robust tubule can be built by self-
assembly of a symmetrical tetramer. In the case of
the avian lens, where the predominant protein is
8-crystallin, we suggest that construction of a self-
stabilizing structure is prevented by random selec-
tion of the two dyad axes relating -crystallin
tetramers that are necessary for polymer forma-
tion. As these interactions also compete with
interactions of 6-crystallin with other crystallins,
particularly e-crystallin, the lens is safe from crys-
tallization and yet contains highly hydrated net-
works of tetramers.
Materials and methods
Crystallization
Crystals were grown from 0.05 M Tris-HCI buffer, at pH 8,
with 0.02% NaN 3. The protein was concentrated to 70mgml -l
in the above buffer and GTP (dissolved in 0.1 M magnesium
acetate) was added, giving a final concentration of 3 mM GTP.
Crystallization was carried out with this solution or following
dilution with buffer to give a final protein concentration of
46 mg ml-'. The well solution consisted of 450 pIl of Tris-HCI
buffer, to which 10.5% (by weight) PEG 8000 and 30 pl of
0.1 M arginine were added. The hanging drops were set up
with 7 1I of protein solution and an equal volume of well solu-
tion and were set aside at a temperature of approximately 19C.
Crystals appeared within several days and grew to maximum
size within two weeks. Crystals grew with ease, and over the
pH range 8.5-7.5, but were mostly of poor quality. However, a
small number of large, single crystals were obtained.
Data collection
Data were collected from a single crystal measuring approxi-
mately 0.5 mmx0.5 mmxl.5 mm on station 9.6 at the SRS,
(SERC Daresbury Laboratory) using 0.89 A radiation, with
horizontal and vertical slit collimation set to 0.3 mm and using
a 300 mm diameter Mar Research imaging plate at a detector
distance of 580 mm (the maximum resolution at the edge of
the detector was 3.5 A). Using 30 s exposures for 1° oscilla-
tions, 177° of usable data were collected. The maximum
resolution of diffraction was highly anisotropic, with reflec-
tions extending to >3.5 A close to the axis of rotation, but to
only 4.0 A perpendicular to it. In addition, radiation damage
caused the resolution to deteriorate to approximately 4.5 A in
this direction after 10-20 images. This necessitated translating
the crystal repeatedly in the beam during collection. The weak
Bragg reflections were surrounded by unusually intense ther-
mal diffuse scattering, both close to the Bragg peaks and else-
where, showing that there was thermal motion in the crystal
(Fig. 3c). This diffraction pattern contains a mirror plane,
showing the presence of a crystallographic two-fold axis in the
crystal. The crystallographic symmetry also relates two sets of
seven diffuse peaks, which are arranged in a ring around the
centre of the image, at a resolution of -12 A.
Data processing
The unit cell dimensions were determined and refined using
the DENZO package [27] and the intensities were integrated
using MOSFLM [28]. A maximum pixel intensity cutoff of
50000 was used and overloads were estimated using profile fit-
ting. The crystal missetting angles and mosaic spread were
refined throughout the processing, using MOSFLM. The unit
cell was determined as 263.80(2) A, 152.22(3) A, 204.59(2) A,
3=100.76 ° , in space group C2 and the mosaicity was 0.40. The
resulting data were used to a resolution of 4.5 A, since radia-
tion decay rendered the higher resolution reflections of poor
quality. The data were 97% complete, with an R er of 4.5%,
with a multiplicity of 3.8 and 95% of data >3 A. fe Rnerge
for reflections between 4.6 A and 4.5 A resolution was 9.8%.
Self-rotation function
POLARRFN was used to calculate a self-rotation function
using 4.5 A resolution normalized structure factors (produced
with ECALC [29]), and a 29 A maximum Patterson radius.
This produced several non-crystallographic peaks measuring
approximately 90% of the height of the origin peak. A group
of peaks, all with direction w=700 , =00 (the orthogonaliza-
tion convention of x along a, y along b and z along c* was
used) and 0o angles of 500, 1000, 150 °, 200° , 2500 and 300 °
were observed, corresponding to the first six members of the
set of peaks produced by a seven-fold rotation axis. These
peaks were perpendicular to the crystallographic two-fold and
there was also a string of two-fold non-crystallographic axes
approximately evenly separated and perpendicular to the
seven-fold axis (Fig. 2).
Table 2. Cross-rotation solutions from AMORE.
Eulerian angles (°)
Solution Ct P y cc (%)
1 144.13 25.97 350.01 16.6
2 269.87 90.51 69.42 15.8
3 80.34 113.55 202.88 14.2
4 244.73 43.17 259.86 9.9
The molecular replacement was carried out with the search tetramer at
0, 0, 0, positioned by AMORE [30] so that its longest and shortest axes
were along x, y, or z. The four best rotation solutions are given in
Eulerian angles (which define the orientation of the molecule). The 222
symmetry in the search model produced four almost identical solutions
corresponding to each, so the one given the best correlation coefficient
(cc) was used. The rmsd in the correlation map was 2.4.
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Molecular replacement
The molecular orientations were determined using the
AMORE program suite [30], using the final model for the
entire tetramer, refined at 2.5 A resolution [13] for the
searches. Normalized structure factors to a resolution of 4.5 A
were used for both the rotation and translation functions. The
cross-rotation function produced a number of large peaks
which were significantly above the noise (Table 2).
The best rotation solutions were used for a translation search
and these peaks also gave rise to the largest peaks in the transla-
tion function. The translation solution is shown with the R-fac-
tor obtained at this stage, on line 1 of Table 3. The position of
the first tetramer was then fixed and the translations were deter-
mined in succession for the three other solutions, fixing the
position of each additional tetramer in turn. The resulting
R-factors and correlations at each stage are shown in Table 3.
The root mean square (rms) value for the correlation map of the
final translation function was 1.4. When a search was carried
out for a fifth tetramer, the resulting solutions had significantly
reduced correlation coefficients and increased R-factors.
These solutions give the positions of four tetramers, but solu-
tion 2 lies with one of the non-crystallographic symmetry axes
lying on the crystallographic two-fold, so there are 3.5
tetramers in the asymmetric unit.
The above solutions were subjected to rigid-body refinement
in AMORE [30]. This involved minimizing the function
(Fobs-Fcalc) 2 with respect to the positions of the molecules in
the unit cell. An overall scale and temperature factor were also
refined. The results of the refinement are shown in Table 4.
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